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ABSTRACT
A multipurpose cloning site has been introduced into the gene for

s-galactosidase (a-D-galactosidegalactohydrolase, EC 3.21.23) on the
single-stranded DNA phage Mi3mp2 (Gronenborn, B. and Messing, J., (1978)
Nature 272, 375-377) with the use of synthetic DNA. The site contributes
14 additional codons and does not affect the ability of the lac gene
product to undergo intracistronic complementation. Two restriction
endonuclease cleavage sites in the viral gene II were removed by single
base-pair mutations. Using the new phage M13mp7, DNA fragments generated
by cleavage with a variety of different restriction endonucleases can be
cloned directly. The nucleotide sequences of the cloned DNAs can be
determined rapidly by DNA synthesis using chain terminators and a
synthetic oligonucleotide primer complementary to 15 bases preceeding the
new array of restriction sites.

INTRODUCTION

Understanding of genes from higher organisms requires the deterinina-
tion of long stretches of nucleotide sequences. Since currently used
methods for DNA sequencing (1,2) are relatively time-consuming, a rapid
sequencing system is presented involving a shotgun approach. The system
allows for easy cloning of short overlapping DNA fragments form and their
rapid sequence determination by primed DNA synthesis (2) using only one

primer preparation for all templates.
Certain single-stranded DNA phages (e.g. M13) are packaged and

extruded oy their hosts even if foreign DNA has been inserted into their
circular genomes (3-8). This feature is especially attractive for a fast
preparation of single-stranded template from any DNA cloned into the
phage RF-DNA. To facilitate cloning, part of the lac operon from E. coli
had been inserted into M13 RF-DNA and an EcoRI restriction site created
in a region coding for the N-terminus of 8-galactosidase (9,10). The lac
region in this phage Ml3mp2 serves as a marker system for distinguishing
vector DNA (blue plaque-formers) frorm recombinant DNA (white
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plaque-foriners). Cloned DNA can be sequence(d with the help of a primer,
itself constructed from lac DNA (11) and cloned into the single EcoRI

site in plasmid pBR325 (12).
Although any DNA fragment can be inserted into the EcoRI site of

M13mp2 RF-DNA by attaching the appropriate sticky ends using
oligonucleotide linkers (13), a different approach is described here to

convert M13 into a system for shotgun DNA sequencing. With the help of

synthetic DNA an array of endonuclease restriction sites has been

introduced into the lac region of the phage. This allows direct cloning
of DNA fragments generated by a number of different restriction enzymes

which yield cohesive or olunt-ended termini. The successfjl insertion of

such DNA fragments can still be monitored by the color of the plaques
(9). To facilitate large-scale sequenc ing of recombinant tempplates a

single-stranded oligonucleotide of 15 residues was chemically synthesized
to replace the biological primer (11).

Materials and Methods

Phages M13mp2, M13mp6, and bacterial strains JM101, K38, K37 are

described elsewhere (9,14,15). E. coli JM103 was derived from JM101 and

SK1592 (16) and has the following genotype: Alacpro, thi, strA, supE,
endA, sbcB15, hsdR4, F'traD36, proAB, lacIq ZAM15. Phages MWJ43 (17)
and M13 aml, am2 were kindly provided by Ray Wu and David Pratt
respectively. Phages M13mpol, M13mp62, Ml3mp63, and Ml3mp7l are

intermediates in the construction of M13mp7. M13mp6l, like its parent

M13mp6, has resistance to endonuclease BamHI in gene III (14) but

contains in addition 2 amber mutations. M13mp62 and M13mp63 carry

additional resistances in gene II to HincII, and to HincII and AccI
respectively. M13mp7l contains the synthetic 17-mer specifying SalI and

PstI restriction sites ligated into MWJ43 RF-DNA. M13mp7 carries two

amber mutations and is resistant to BamHI, HincII and AccI in the M13

part of its genome.

Single-stranded and double-stranded DNA of M13 phage was prepared as
described (3,11). Restriction endonucleases were obtained from New

England Biolabs and used as described by the supplier. T4 DrJA ligase
was isolated from a lambda lysogenic strain (18). Conditions for a

sticky end or blunt end ligation were the same as indicated in the

isolation procedure (19). Polyacrylamide gel electrophoresis, ethidium
bromide staining of DNA, and electroelution of DNA from polyacrylamide
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gels and DNA sequenciing with chain terminnators were as described (2,11).

Synthesis of oligonucleotides was conducted using a modified triester

method (20). The 17mer, 5'-GATCCGTCGACCTGCAG-3', was used as adapter for

enzymes SailI and PstI into a BamHJ site. The 15mer,
5'-CCCAJTCACGACGTT-3' is complementary to the lac region of the phage DNA
17 nucleotides before the EcoRI cloning site.

To convert M13mp6 into M13mp61 the RF-DNA of M13 aml, am2(1Xg) was

cleaved with BamHI and HaeIJI, and fragments denatured (1001C, 2 min) and

renatured (661C, 3 hours) in the presence of M13mp6 viral DNA (501ng).
The resulting heteroduplex with two internal mismatches, one gap of the
length of lac DNA and one 3' terminal mismatch corresponiding to the 5'G
of the BamHI-cleaved RF-DNA was used to transform JM103. Single plaque
formers were transferred to soft agar layers of K38 (su-) and K37
(sue). Plhages not multiplying on K38 lawns were saved on a K37 replica
plate and reversion rates were tested. About 24 percent of all the
transformants did not grow on K38 and 80 percent of these were double
ambers. No colorless plaques were observed from a total of 230
transformants. M13mp'1 produces normal phage titers (5x1012/ml).

Marker rescue with a double amber was performed as follows.

RF-DNA(11g) from the double amber was cleaved with the restriction

endonuclease as indicated, and DNA fragments were purified by phenol
treatment, precipitated with ethanol and redissolved in 20 ,Il of 50 mM
Tris-HCl, pH 7.6, 100 mM NaCl, and 1mM EDTA. A viral DNA solution (1pl,
oOng) containing the (+) strand for hybridization was added to the 20 pl
of DNA fragments containing the (-) strands. The mixture was held for 3
minutes in boiling water, and further incubated at 66 C for 3 hours.

Incubation was terminated by putting the mixture on ice. Host cells were
made competent as described by Cohen et al. (21). Plating conditions
were as described previously (3). A few pl of the hlybridization mix gave
rise to approximately 300 transformants.

Base specific mutations of CrT in endonuclease -i ncII and AccI
recognition sites were performed with hydroxylamine treatment of the
particular phages as described (15). After hydroxylamine treatment, the
initial phage titer dropped from 3x1012 to 2x106. Tie mutageni was

removed after 3 nours by infecting host cells and washing thein twice in
medium. Surviving phages were growin and RF-DNA isolated. The selection
was initiated by treating RF-DNA twice with HincII or AccI endonuclease
respectively to assure cleavage of RF-DNA lacking the particular
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mutation. About 5 ug of cleaved RF-DNA was used to transform JM103. All

aliquot of uncleaved RF-DNA served as a control in a separate
transformation experiment. Coinparing the respective transformation
efficiencies the mutant was enriched 2,500-fold. An approximate number
of 2000 plaque formers was obtained and RF-DNA prepared from them was

cleaved again for a second enrichment
(100-fold). A single transformant was checked for its resistance to the

endonuclease used in the selection.
All recombinant phages have been grown in JM101 or JM103 under P1

conditions according to the NIH guidelines (14) since these hosts contain
the traD36 mutation (22).

RE SULTS
Construction plan for a multipurpose cloning site

Chemical synthesis of DNA as well as enzymatic reactions involving
DNA ligase and polymerase have been used to contruct a multipurpose
cloning site in the lac region of a phage M13 derivative. The procedures
are outlined in Fig. 1. The adapter used to insert SalI and PstI sites
was a 17mer with a 5'-terminal sequence complementary to the cohesive
ends of the BamHI site in the M13mp2 BamHI phage MWJ43 (17). Tne final
product (Ml3mp7l) has 24 nucleotides more than the BamHI phage, thus

conserving the reading frame of the gene. Tie total number of codons
additional to those in the lac region of M13mp2 is 14.

Synthesis and insertion of an adapter for SalI and PstI

The adapter for the introduction of SalI and PstI sites was the

chemically synthesized oligonucleotide 5'-GATCCGTCGACCTGCAG-3'. To

insert the adapter into phage MWJ43 it was labeled at its 5' end using
Fy)2P]ATP and T4 polynucleotide kinase, and ligated to the

BamHI-cleaved RF-DNA. The ligation products were separated by
polyacrylamide gel electrophoresis, and the gel examined by ethidiim
bromide straining as well as autoradiography (Fig. 2). The DNA visible
as a dark band on X-ray film was recovered from the gel to remove
unincorporated adapter and recircilarized parental molecules. The DNA
contained 3'-protruding ends of which the last 6 nucleotides were

self-complementary (see Fig. 1). To stabilize the corresponding circular
form this DNA was hybridized to itself and gaps were filled using reverse
transcriptase in the presence of deoxynucleotides. The filled-in DNA was
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ECO RI BAM HI ECO RI
ACG AAT TCC CCG GAT CCG GGG AAT TCA
THR ASN SER PRO ASP PRO GLY ASN SER

4 5
5/1 5/2 5/3 5/4 5/5 5/6
45 ~~~~~~~~~~~6

ADAPTER:
GATCCG TCG ACCTGC AG

TCC CXG GAT COG GGG
AGGGGCCTAG GCCCC

G ACG TCCAGC TGCCTA G
ADAPTER

TCC CCGGAT COG TOG AlC TGCAG GATCCG GGG
AGGGGCCTA G G ACGTCCAGC TGCCTA GGCCOC

ACG AAT TCC CCG GAT CCG TCG ACC TGC AGG TCG ACG GAT CCG GGG AAT TCA

ECORI BAM HI SAL I PSTI SALI BAM HI ECO RI

SER PRO ASP PRO SER THR CYS ARG SER THR ASP PRO GLY ASN
4 5 5/1 5/2 5/3 5/4 5/5 5/6 5/7 5/8 5/9 5/10 5/11 5/12 5/13 5/14 6

Fig. 1. Schematic outline of the construction of M13mp7l
Shown are the nucleotide and amino acid sequences involved in the

construc-tion of a lacZ gene with 14 additional codons. Nucleotide
sequences are given in the polarity of the (+) or messenger strand.
Restriction sites are underlined. The numbers 4, 5, 6 refer to the
positions of amino acids in a-galactosidase as encoded by M13mp2 (9).
Dashed numbors indicate inserted codons. The upper section shows the
cloning sites in phage MWJ43 RF-DNA (17). The middle section depicts the
alignment of the adapter sequence of 17 nuicleotides with the BamHI ends
of phage MWJ43 RF-DNA, and the annealing of the PstI sticky ends to allow
gap filling. The lower section shows the primary structure of the new
lac region in M13mp7l.

used to transform competent cells of E. coli JM101 (14) and 10 blue

plaques were obtained on a bacterial lawn. No plaques formed if the

filling reaction was omitted. Recombinant phage from one blue plaque was

grown and the RF-DNA analyzed. As predicted, the DNA could be cleaved by
endonucleases SalI and PstI. Although in this phage (M13mp7_V) only the

PstI site is unique, sites for SalI, BamHI and EcoRI are also usable for

cloning because the ensuing loss of small inserts still results in a

functional lac sequence (see Fig. 1).
It is of interest to note that the correct insertion of the synthetic

17-mer resulted in a recombinant phage which still forms blue plaques.
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a b c d e

Fig. 2 Analysis of the ligation product between 17mer arid phage DNA
MWJ43 RF-DNA was ^leaved with 3amHI and incubated with T4 DNA ligase

at 81C for 1 hour i i the presence of a 100 fold molar excess of the 17mer
radioactively labelled at its 5' end. The ligase was heat inactivated
and the reaction miXture subjected to electrophoresis on a 5
polyacrylamide gel. DNA was visuilized by etiiJium bromide stainiig.
Under the electrophoresis conditions used circular arid higlh molec ular
weight DNA did not enter the gel (a). Oily the linearized phage RF-DNA
migrated a short distance into the gel (b). As a control the
3amHI-cleaved DNA was ligated without the 17iner (c). Oily the reaction
incliding the 17mer showed ligation products, mailly in the position of
linear phage DNA (d). When the gel was exposed to X-ray filin only the
reac-tion products in (d) in the position of linear DrNA gave a radioactive
signal (e).

Only the lesser intensity of the color distinguisshes it from M'I3mp2.
Similar shifts in intensity have been previously noted with phages con-

taining one additional cloning site integrated into M13mp2 by insertion

through EcoRI sticky ends of a DNA fraginent several codons long (14,17).

The versatility of the SalI Site

Tie sequence 5'-GTCGAC-3' is cleaved by endonuclease SalI to produce
cohesive terinini of 4 nucleotides which are complementary to those

generated by endonuclease XhoI. The same sequence is recognized by
endonuclease AccI which cleaves it to produce the same sticky ends (pCG-)
as do enzymes ClaI, TaqI, and HpaII. Furthermore endonuclease HincII
cleaves this sequence to generate blunt ends. Unfortunately, due to
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ambiguities in their recognition sequences (23), the two endonucleases
AccI and 4incII each cleave one additional site, both located in gene II

of M13 (24). To fully utilize the versatility of the SalI site in M13mp7l
these additional cleavage sites were removed by chemical mutagenesis
(Fig 3). To keep the phage viable mutagenesis was designed to change a
nucleotide in the recognition site but not alter the encoded amino acid.

Regardiig the HincII site 5-'GTTAAC-3' in M13 DNA gene II, only the C
can be modified by hydroxylamine to mispair with an A. The subsequent
substition of an AAC codon by an AAT codon is silent and does not chiange
the gene II product (Fig. 3). The resulting HincII-resistant phage was

21 215 216 217
GenelM GAG GAT CCA TTC

Bam HI
GLU ASP PRO PHE
G A A

NMUG :C - l-~ Me G:T

132 133 134 135
Genell GAT GTT AAC GCT NH20H

HincII C: G - HOC: A
ASP VAL ASN ALA

A A T
28 29 30 31

Genell T T T G T A G A C C TC NH20H
Acc I C: G - HOC: A

PHE VAL ASP LEU
G AT

,I) (2) (3)

HETERODUPLEX GAP FILLING
NICK SEALING

REPLICATION

Fig. 3 Schematic representation of site directed in vitro mutagenesis
Nucleotide sequences are showin in 5*3' direction of the viral

strand. The presumed mechanism of mutagenesis is indicated for each
case, G*A by methylation of the 06 position of G, C*T by hydroxylamine.
The two different codons for the same amnino acid in the gene product are
indicated. The transfer of such a mutation from the (-) strand to the
(+) strand is represented by the flow of intermediate steps, going from a
heteroduplex (1) to a complete parental RF in vivo (2) a.nd finally to the
replicative intermediate (3) in which the (7) strand is the template
(25). The mutagenesis of the BamHI site in gene 3 (24) has been
previously described (14) and is included for completeness.
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mutagenized in the same way to substitute a GA" codon for a GAT codon,

rendering the phage AccI-resistant (Fig. 3). This mutation creates a

unique BglII site which can be used to demonstrate the specific base

change.
Mutations in the restriction sites were selected by transforming host

cells with RF-DNA, obtained from a population of mutagenized phage and

cleaved with the appropriate endonuclease. Linearized RF-DNA will
tranforin host cells with a much-lower efficiency than circular RF-DNA

(9). Since this type of selection requires the cleavage site to be
unique, removal of the two sites from M13 had been performed on phage
strains (Ml3mp5l and M13mp62) lacking the array of newly constructed

cloning sites.
The proper mutations were subsequently transferred to M13mp7I. To

conveniently monitor this transfer two amber mutations had been

introduced into phage M13mp6 resulting in phage M13mp6l. The presence of

these mutations in M13mp6l allowed a marker rescue type of experiment
(25) in which differential plating efficiencies on su-(K38) and su
(K37) hosts were used as an easy screen for the cotransfer of mutations
in the restriction sites. Cotransfer of several mutations was performed
via heteroduplex formation between restriction fragments of RF-DNA from

mutant phage and intact viral DNA of the acceptor phage. Such cotransfer

is possible because the minus strand is the template for replication in a

rolling circle mechanism (26) and internal mismatches are not repaired.

The manipulations described above are illustrated in the followinig
flow chart:

mp6 (resistant to BamHI in gene III)
MWJ43 k double amber

synthet ic $
17 mer mp61

t mutagenesis

mp62 (resistant to HincII in gene II, BamHI
mp7 1 i mutagenesis

\p63 (resistant to HincII, AccI in gene II,
BamHI)

mp7 (double amber, resistant to 3amHI, HincII, AccI in
viral part of genome)

The end product is phage M13mp7 in which the SalI site can be also used

316



Nucleic Acids Research

for cloning blunt-ended DNIA after cleaving the RF-DNA with HincII, and
pCG-sticky ends after AccI cleavage.

A synthetic primer for DNA sequencing with M13mp7

The several cloning sites in M13mp7 allow for direct insertion of DNA
fragments generated by a variety of different restriction endonucleases.
A detailed cloning guide is shown in Fig. 4. Since all cloning sites are

located next to one another inserted DNA can be sequenced using only one

primer preparation to serve all sites. Such a primer was chemically
synthesized as an oligonucleotide of 15 residues. It has the sequence of
5'-CCCAGTCACGACGTT-3' and was designed to prime within the lac region 17
nucleotides from the array of cloning sites. The specificity of this
primer is demonstrated in Fig. 5 The synthetic primer thius substitutes
for the one previously used on M13mp2, first cloned as an EcoRI fragment
of 90 base-pairs (11), and later reduced in size (27).

DISCUSSION
The combination of the E. coli lac system and the filamentous

single-stranded DNA phage M13 provides a biological system for preparing
cloned templates in a single-stranded form required for DNA sequencing
with chain terminators (2). There is a concern regarding the stability
of the cloned DNA in recombinant M13 phage. Both phages, M13mp2 and
M13mp5 have been used to clone DNA of 1000-3000 base pairs and to

sequence it using different restriction fragments as primers (28-30).
DNA sequences obtained in this way were identical to sequences obtained
from plasmid clones using the method of Maxam and Gilbert (1). Although
viral DNA up to 6 times the length of M13 DNA has been packaged (Messing,
unpublished), deletions may occur within the cloned DNA (Messing,
unpuolished, 28). Recombinants with large inserts, however, can be
plaque - purified and subjected to a minimal number of bursts to obtain
the desiraole amount of phage or RF-DNA.

Since deletions in the cloned DNA will be minimized if it is small,
DNA of large size can be stored in subclones of smaller restriction
fragments. The new phage Ml3mp7 is a versatile vehicle for preparing
such fragment banks from any DNA. Moreover with a primer available,
M13mp7 is an excellent vector for a shotgun approacih to obtain rapidly
the nucleotide sequence of any DNA of interest. The DNA of interest is
converted into sets of fragments, each set generated by one of the

317



Nucleic Acids Research

M13

BomHIG'GATC C
G G A T C C

G A AT TC

Eco RIG'AATT C

C T G C A G

Pst I C TGCA 'G

Clonable Frogment

Bam HI G 'GATC C
Bgl II A'GATC T
Bcl I T'GATC A
Sau 3A
Mbo I N'GATC N

Eco RI G'AATT C
Eco RI*N'AATT N

Pst I C TGCA4G
G-tailing any fragment with C-tailing

G T C G A C
I SalI G'TCGAC

IIAccI GT4CGAC

M Hinc ]I GTC'GAC

Sal I G'TCGA C
Xho I C4TCGA G

Acc
CIa
Hpa
Taq

I GT 'CG
I AT'CG
II NC'CG
I NT CG

AC
AT
GN
AN

any fragment with lower efficiency
e.g. Bal I TGG ' CCA

Hae III NGG ' CCN
Hha I NNG CG CNN

*Bal 31I
sheared NNN NN NNN

tBal3lt

Fig. 4 Cloning guide for Mi3mp7
Since sticky ends are in many cases only a part of the restriction

endonuclease recognition site, DNA cleaved at different sites with a
common sticky end can be joined together. Although this leads to hybrid
sites which are not recognized by either of the enzymes, the flanking
restriction sites can be used to release off the fragment (see also
Fig. 1). The use of a common set of sticky ends increases the
versatility of cloning into M13mp7 RF DNA. Therefore the enzymes and
their recognition sequences are used for cleaving the vector are listed
on the left side. The enzymes and treatments used to produce DNA
fragments which may be cloned at each M13mp7 site are listed on the right
side. Cutting patterns indicated by arrows and sticky ends are set apart
from flanking nucleotides.
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G A4 T~C

_~~

GA
G A

Fig. 5 Specificity of the synthetic primer
A recombinant phage containing a Pst I restriction fragment has been

used as a template to deinonstrate the specificity of the synthetic
primer. Preparation of template, sequencing reaction, electrophoresis
conditions are described (2,11). Reactions were loaded ii the GATC
order. A photograph of the autoradiogram is shown covering the multiple
restricLion sites in Mi3mp7 RF-DNA. The insert can be cleaved from the
RF-DNA with PstI, SaiI, BamHI or EcoRI (not shown).

different restriction endonucleases lis-ted in Fig 4. When cloned these

sets yield banks of recombinant M13mp7 phage in which the large DNA is

represented piece-meal with the two complementary DNA strands present in

separate clones. Since different fragmenL sets are overlapping with each

other in sequence, the entire primary structure of the DNA can be

reconstructed by compiling the data obtained from sequencing several

recombinant M13mp7 banks and aligning the nucleotide sequences by
overlaps and complementarities. The large amount of data processing
necessary for reconstructing long sequences can be efficiently assisted
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by compujter (31).
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